Introduction
============

Cisplatin (cis-diamminedichloroplatinum (II), CDDP, molecular weight 300.04 Da), is one of the most commonly used anticancer drugs, and is used extensively in the treatment of many cancers. CDDP needs to be administered at high doses to obtain the required therapeutic response, thereby leading to severe adverse effects.[@b1-ijn-10-6789] Low aqueous solubility, high protein binding that reduces drug potency, systemic toxicity, and inherent/or acquired resistance have been reported as major disadvantages of CDDP in cancer therapy.[@b2-ijn-10-6789],[@b3-ijn-10-6789] Therefore, finding novel ways of lowering the dosage needed without loss of efficacy is very important. To this end, anticancer drugs are now frequently being combined with dietary phytochemicals in an effort to enhance their antitumor efficacy while lowering their toxic effects.[@b4-ijn-10-6789],[@b5-ijn-10-6789]

Tea (*Camellia sinensis*) leaves contain polyphenolic compounds, in particular catechins, which are potent antioxidants and have biological activity relevant to the prevention and treatment of cancer. Catechins found in both black tea and green tea have been shown to suppress several key pathways linked to oncogenesis, including those involved in cell survival, proliferation, and invasion, along with angiogenesis.[@b6-ijn-10-6789]--[@b10-ijn-10-6789] Earlier reports from our laboratory have established that tea polyphenols have excellent potential to chemosensitize cancer cells towards chemotherapeutic drugs like CDDP.[@b4-ijn-10-6789],[@b11-ijn-10-6789] Further, combined treatment with tea polyphenols and CDDP synergistically induced apoptosis by activation of caspase-8 and caspase-9 and overexpression of p53.[@b4-ijn-10-6789],[@b12-ijn-10-6789] In spite of promising preclinical findings, the applicability of tea in human cancer therapy is still not up to expectations, seemingly due to lack of efficient systemic delivery and bioavailability.[@b13-ijn-10-6789]

Technological advancements have brought about innovative drug delivery systems, which are being assessed in the area of cancer therapeutics and management.[@b14-ijn-10-6789] Numerous nano-medical approaches to drug delivery are focused on developing nanoscale particles to improve drug bioavailability.[@b15-ijn-10-6789] The structure and tunable surface functionality of nanoparticles (NPs) allow them to encapsulate/conjugate entities either in their core or on their surface, rendering them ideal carriers for anticancer drugs.[@b16-ijn-10-6789] Polymer-drug conjugates, macromolecular prodrugs, which were first developed in the mid-1970s, have laid the foundation for new types of anticancer entities.[@b17-ijn-10-6789] Among them, poly(lactide-co-glycolide) (PLGA, 50:50 approved by the US Food and Drug Administration) has been used in the preparation of a wide variety of drug delivery systems, because it is biodegradable, biocompatible, capable of controlling the release of the incorporated entity at specific target sites and shows low toxicity.[@b18-ijn-10-6789],[@b19-ijn-10-6789] Moreover, these colloidal systems are able to extravasate solid tumors, in which the capillary endothelium is defective.[@b20-ijn-10-6789],[@b21-ijn-10-6789]

We have devised an approach for loading bioactive catechins from black tea (theaflavin, TF) and green tea (epigallocatechin-3-gallate, EGCG) in a PLGA carrier so that their uptake, retention, and cytotoxicity in cancer cells can be enhanced in vitro and in vivo. We followed a PLGA drug development strategy to encapsulate TF and EGCG, anticipating that NP-mediated delivery of anticancer phytochemicals could be useful for enhancing the anticancer potency of chemotherapeutic drugs like CDDP and concomitantly limiting drug toxicity.

Materials and methods
=====================

Chemicals
---------

PLGA 50:50 (molecular weight 40--75 kDa), polyvinyl alcohol (molecular weight 30 kDa), 3-\[4,5-dimethylthiazol-2-yl\]-2, 5-diphenyl tetrazolium bromide (MTT), TF, EGCG, CDDP, propidium iodide, and β-actin (clone AC-74) were purchased from Sigma-Aldrich (St Louis, MO, USA). Caspase-3, caspase-9, cytochrome C, p-NF-κB, p-IκBα, p53, and Bcl-2 antibodies were sourced from Cell Signaling Technology (Beverly, MA, USA) while Bax antibody was obtained from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA). The rabbit anti-mouse and goat anti-rabbit horseradish peroxidase-conjugated secondary antibodies were obtained from Bangalore Genei (Bangalore, India). The polyvinylidene fluoride membrane was obtained from Millipore (Bedford, MA, USA). Caspase-3 inhibitor z-DEVD-fmk was purchased from Calbiochem (Boston, MA, USA). Fetal bovine serum, Dulbecco's Modified Eagle's Medium, and Roswell Park Memorial Institute medium were supplied by Invitrogen (Invitrogen, Carlsbad, CA, USA) and the antibiotics by Gibco (Lifetech, Karlsruche, Germany). 2′,7′-dichlorofluorescein diacetate (DCF-DA) and rhodamine 123 from BD Pharmingen (San Diego, CA, USA) were used. Other chemicals used were of analytical grade and sourced locally.

Preparation of TF/EGCG-loaded PLGA-NPs
--------------------------------------

PLGA-NPs loaded with TF and EGCG were prepared using the standard solvent evaporation method.[@b22-ijn-10-6789] Briefly, for the preparation of EGCG-encapsulated PLGA-NPs, the drug to polymer ratio was kept at 1:5. EGCG (20 mg) was dissolved in deionized water (0.5 mL), and emulsified with a solution of PLGA (100 mg) dissolved in dichloromethane (2 mL) in an ice bath on a magnetic stirrer operating at 1,600 rpm. The resulting w/o primary emulsion was stirred for 2 hours at room temperature and then added dropwise to a rapidly stirred aqueous solution of polyvinyl alcohol (1%, 4 mL, w/v) to obtain a w/o/w secondary emulsion. Stirring was continued until the organic solvent evaporated off. The solution was then subjected to centrifugation at 13,000 rpm for complete removal of the organic solvent and hardening of the NPs. The NPs obtained were suspended in water and again centrifuged. The process was repeated three times, and finally, the NPs were freeze-dried to obtain a solid dry powder. Likewise, TF-encapsulated PLGA-NPs were prepared and stored at 4°C under anhydrous conditions until used for further studies.

Characterization of NPs
-----------------------

### Particle size and zeta potential measurements

The mean particle size and distribution as well as the zeta potential of the TF/EGCG-loaded NPs (1 mg/mL in H~2~O) were determined by a dynamic light scattering technique using a Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK) employing a 5 mW He-Ne laser operating at a 633 nm wavelength. Three measurements per sample were carried out, with an average of 14 runs per measurement; refractive index and viscosity of water were kept at 1.33 and 0.89 cP, respectively. The particle size reported is the average of three samples. Zeta potential measurements were carried out on the same instrument in triplicate using automatic mode, and the values are presented as the average value of 30 runs. The Smoluchowski approximation was used to calculate the zeta potential from the electrophoretic mobility.[@b23-ijn-10-6789]

### Determination of percentage yield

The dried solid NPs were weighed and the percent yield was calculated using the following equation: $$\text{Percent\ yield} = \frac{\text{Weight\ of\ NPs\ obtained}}{\text{Weight\ of\ drug} + \text{polymer\ used}} \times 100$$

### Drug loading and encapsulation efficiency

Drug loading and encapsulation efficiency was determined by spectrophotometric estimation using an ultraviolet-visible spectrophotometer (Lambda Bio 20, Perkin Elmer, Boston, MA, USA). Briefly, an accurately weighed sample of drug-loaded NPs (\~10--15 mg) were suspended in acetonitrile (1 mL), and after 10 minutes the suspension was centrifuged at 13,000 rpm for 30 minutes. The supernatant was removed, the pellet was resuspended in acetonitrile (1 mL), and then the process was repeated. The pellet was dried and dissolved in water (1 mL), and the absorbance of the solution was measured at 273 nm. The amount of drug (mg) was calculated from the standard curve drawn for a varying amount of drug (mg) and absorbance (optical density). Drug loading and encapsulation efficiency were determined from the following equation. All the measurements were conducted in triplicate. $$\text{Encapsulation\ efficiency} = \frac{\text{Weight\ of\ drug\ in\ NPs}}{\text{Weight\ of\ drug\ used\ for\ NP\ preparation}} \times 100$$

### In vitro release of TF/EGCG from PLGA-NPs

TF/EGCG-loaded NPs were evaluated for their in vitro release kinetics using the dialysis method, as reported previously by Asadishad et al.[@b24-ijn-10-6789] A weighed amount of TF/ECGC-encapsulated PLGA-NPs (\~10 mg) was dispersed in 100 mM phosphate-buffered saline (PBS; pH 7.4, 1 mL), after which the solution was transferred to a dialysis bag (molecular weight cut-off 12 kDa) and allowed to dialyze against 15 mL of the same buffer at 37°C±0.5°C with stirring at 50 rpm in a shaking incubator (Unimax 1010, Heidolph, Schwabach, Germany). At predetermined time intervals, a 1 mL aliquot of the sample was withdrawn, its absorbance was measured at 273 nm, and the same amount of fresh medium was added to the dialysis container. The amount of drug released was then calculated using a previously prepared standard curve for the pure drug.

### Colloidal stability of TF/EGCG-loaded NPs

The stability of TF/EGCG-loaded NPs was examined by dynamic light scattering in 100 mM phosphate buffer (pH 7.4) at 4°C by monitoring changes in the hydrodynamic diameter of the NPs during storage. At various time points, aliquots of the sample solution were withdrawn and the distribution of particle size was determined. This experiment was carried out three times.

In vitro studies
----------------

### Cell lines

The cell lines, ie, A549 (human lung adenocarcinoma epithelial cells), HeLa (human epithelial cervical cancer cells), and THP-1 (human acute monocytic leukemia cells) were obtained from the National Centre for Cell Science (Pune, India). The HeLa and A549 cells were maintained in Dulbecco's Modified Eagle's Medium and the THP-1 cells were maintained in Roswell Park Memorial Institute medium supplemented with 10% fetal bovine serum and 1% penicillin--streptomycin in a humidified atmosphere of 95% air and 5% CO~2~ at 37°C. Storage and culture of cell lines for this research did not require a license or ethical review, as cell lines are not "relevant material" according to the Human Tissue Act. Therefore, ethical approval was not needed.

### Cell proliferation assay

The cytotoxic effects of different doses were determined by the MTT uptake method as described by us elsewhere.[@b6-ijn-10-6789] The IC~50~ value was determined from a plot of percentage cell survival versus drug concentration, where cells with no treatment were considered 100% viable.

### Apoptosis assay

The effect of the treatments on the cell cycle distribution was determined by analysis of DNA content of cells following staining with propidium iodide. After treatment, the cells were washed with PBS and fixed in 70% ethanol overnight at 4°C. The cells were then treated with DNase-free RNaseA and propidium iodide (50 µg/mL) for 30 minutes in the dark at 4°C, and analyzed by flow cytometry (BD-LSR).[@b6-ijn-10-6789] A total of 10,000 events were analyzed.

Measurement of intracellular ROS production
-------------------------------------------

For microscopic and flow cytometric detection of formation of reactive oxygen species (ROS), cells were grown on 6-well plates. At the end of treatment for 6, 12, 18, and 24 hours, the cells were incubated with DCF-DA (10 µM) for 30 minutes in the dark (37°C). After incubation, the cells were kept on ice and immediately fluorescence was measured with a fluorescence microscope (IX51, Olympus, Tokyo, Japan) and by flow cytometry.

Measurement of mitochondrial membrane potential
-----------------------------------------------

The untreated and treated cells (24 hours) were incubated with rhodamine 123 (5 µg/mL) for 30 minutes in the dark at 37°C, harvested, and resuspended in PBS.[@b6-ijn-10-6789] The mitochondrial membrane potential (MMP, *ΔΨm*) was measured using flow cytometry by the fluorescence intensity (FL-1, 530 nm) of 10,000 cells and the results are shown as mean fluorescence intensity. This analysis was performed using Cell Quest software.

Western blot analysis
---------------------

A549 cells that received no treatment and cells that were treated with bulk TF/EGCG or TF/EGCG-loaded NPs were washed with PBS, resuspended in ice-cold lysis buffer (50 mM Tris-HCl, 150 nM NaCl, 1 mM EGTA, 1 mM EDTA, 20 mM NaF, 100 mM Na~3~VO~4~, 0.5% NP-40, 1% Triton X-100, 1 mM PMSF, 10 µg/mL aprotinin, 10 µg/mL leupeptin, pH 7.4) at 4°C for 30 minutes and then centrifuged at 12,000 g for 10 minutes at 4°C to obtain total cell lysates which were stored at -80°C until further use.[@b25-ijn-10-6789] Total nuclear/cytosolic extracts were prepared and their protein concentration was estimated. The cytosolic fraction (for caspase-3, caspase-9, cytochrome C, p-IκBα, p53, Bcl-2, Bax, and β-actin) and the nuclear fraction (for NF-κB) were used. For Western blotting, proteins (50 µg) were resolved on 10% sodium dodecyl sulfate--polyacrylamide gels followed by electrotransfer onto an immobile polyvinylidene difluoride membrane. The blots were blocked overnight with 5% non-fat dry milk, probed with the respective primary antibodies, then detected by horseradish peroxidase-conjugated anti-rabbit or anti-mouse immunoglobulin G using a chemiluminescence kit from Millipore, and visualized using a Versa Doc MP imaging system (Model 4000, BioRad, Hercules, CA, USA). The intensity was given in terms of relative pixel density for each band normalized to band of β-actin. The intensity of the bands was measured using UNSCAN-IT automated digital system version 5.1 software (Orem, UT, USA).

Reverse transcription polymerase chain reaction analysis
--------------------------------------------------------

Untreated and treated A549 cells were lysed in TRIzol reagent after 24 hours in culture, and total RNA was prepared. First, 1 µg of total RNA was reverse-transcribed to cDNA according to the manufacturer's instructions using the Fermentas kit, and 20 µL of polymerase chain reaction (PCR) mixture (containing 4 µL of 5× reaction buffer, 2 µL of dNTP mixture \[10 mM\], 20 units of RNase inhibitor, 200 units of avian-myeloblastosis virus reverse transcriptase enzyme, and 0.5 µg of oligo \[dT\] primer) was amplified. After amplification, the PCR products were resolved on 1.5% agarose gel. The PCR products were visualized as bands using an IS1000 image analysis system (Alpha Innotech, San Leandro, CA, USA). Negative controls without cDNA were also run. The ratio of the target gene to GAPDH gene band density was used for quantitative evaluation. Oligonucleotide sequences and PCR conditions are described in [Table S1](#SD4-ijn-10-6789){ref-type="supplementary-material"}.

In vivo studies in mice bearing Ehrlich's ascites carcinoma tumors
------------------------------------------------------------------

Swiss albino mice (20--25 g body weight) were obtained from the animal breeding colony at our institution and kept under standard experimental conditions (temperature 23°C±2°C, relative humidity 55%±5%). Prior ethical approval for the experiment was obtained from the institutional ethics committee. Ehrlich's ascites carcinoma (EAC) cells were maintained as an ascitic tumor model in Swiss albino mice. In brief, tumors were induced by injecting EAC cells (1×10^6^) into the intraperitoneal cavity of each mouse; this was taken as day 0 and treatments were started 24 hours after transplantation. The animals were randomly divided into 14 groups consisting of five animals each. Normal saline (0.9% w/v, 100 µL/mouse/day) was administered to a normal group (group 1) and an EAC-bearing positive control group (group 2). TF/EGCG (100 µg/mouse intraperitoneally twice in one week), CDDP, and different doses of TF/EGCG-loaded PLGA-NPs (10 and 20 µg/mouse) with or without CDDP were administered to mice in groups 3--13 for 15 days. CDDP alone (100 µg/mouse) was given intraperitoneally on days 1, 7, and 14 (total three doses)[@b26-ijn-10-6789] and in the combination treatment groups a 1/10th dose (10 µg/mouse) was given. Animals in all groups were examined daily for formation of ascites by measuring changes in body weight. The day of death and change in body weight were recorded. Mean survival time and percentage increase in the life span (% ILS) were also recorded for all untreated and treated EAC tumor-bearing mice. $$\%\text{increase\ in\ weight}:\frac{A - B}{B} \times 100$$where A is the animal weight on any particular day, and B is the animal weight on day 0. Mean survival time was calculated as follows: Mean survival time: $$\frac{\sum\text{survival\ time}(\text{days})\ \text{of\ each\ mouse\ in\ a\ group}}{\text{Total\ number\ of\ mice}}$$ $$\%\text{Increase\ in\ Life\ Span}(\%\text{ILS}):\frac{T - C}{C} \times 100$$where T is the number of days the treated animals survived and C is the number of days the control animals survived.

### Isolation of EAC from the peritoneal cavity

Two weeks after implantation of the EAC cells, EAC tumors were isolated from the peritoneal cavity of each mouse. In brief, 2--3 mL of sterile normal saline was injected into the peritoneal cavity and peritoneal fluid containing the tumor cells was withdrawn, collected in sterile Petri dishes, and incubated at 37°C for 2--3 hours. Cells of macrophage lineage adhered to the bottom of the Petri dishes. The nonadherent population was gently aspirated out, washed repeatedly with phosphate-buffered saline, and further processed. For the cell viability test, EAC cells (1×10^6^) were harvested from all groups, washed repeatedly in PBS, and mixed with 5 µL of 0.5% trypan blue solution. Percent viability was determined using a cell counter chamber (Invitrogen).

Statistical analysis
--------------------

The data are presented as the mean ± standard deviation of three independent experiments. For the in vitro studies, statistically significant differences were determined using the Student's *t*-test. For the animal studies, the data analysis was done by one-way analysis of variance, followed by post hoc Dunnett test. A value of *P*\<0.05 was considered to be statistically significant.

Results
=======

Characteristics of TF/EGCG-loaded PLGA-NPs
------------------------------------------

TF/EGCG was encapsulated into PLGA-NPs using the standard double emulsion solvent evaporation method.[@b27-ijn-10-6789] The resulting NPs were washed, lyophilized, and evaluated for their percentage yield, size, shape, morphology, and surface charge. The NPs loaded with TF/EGCG were found to be 215 nm and 239 nm in size, respectively, with an excellent particle size distribution. The percentage yield of the TF-PLGA NPs and EGCG-PLGA NPs was found to be 79.2%±5.45% and 96.9%±4.16%, respectively. As expected, the zeta potential of these particles was found to be negative due to the negatively charged PLGA ([Table 1](#t1-ijn-10-6789){ref-type="table"}).

In vitro release of TF/EGCG-loaded NPs
--------------------------------------

The PLGA-NP drug release kinetics were carried out in PBS at 37°C ([Figure 1](#f1-ijn-10-6789){ref-type="fig"}). The release profiles revealed that \~32% of the total ECGC load was released in the first 6 hours, whereas 23% of the total TF load was released in the first 3 hours, indicating an initial burst release. This was followed by a lag phase until 27 hours for EGCG-loaded NPs and 48 hours for TF-loaded NPs, until sufficient polymer erosion had taken place,[@b28-ijn-10-6789] and then by a secondary burst release, with about 90% of EGCG and 70% of TF released from the loaded NPs in 10 and 9 days, respectively.

Kinetic stability of TF/EGCG-loaded NPs
---------------------------------------

Increasing the stability of drug-loaded NPs has been shown to improve their blood circulation time.[@b29-ijn-10-6789] The kinetic stabilty in a biological medium is an essential property for a drug nanocarrier. Changes in the hydrodynamic diameter of the TF/EGCG-loaded PLGA-NPs in PBS (pH 7.4) at 4°C were monitored by dynamic light scattering, and it was found that the NP size remained fairly stable after 10 days, indicating satisfactory stability ([Figure 1](#f1-ijn-10-6789){ref-type="fig"}). Therefore, TF/EGCG-loaded PLGA-NPs appear to be promising vehicles for drug delivery.

Antiproliferative activity of TF/EGCG-loaded NPs
------------------------------------------------

The ability of both bulk TF/EGCG and TF/EGCG-loaded PLGA-NPs to inhibit proliferation of HeLa, A549, and THP-1 cells was investigated at 24 hours. TF-loaded PLGA-NPs significantly inhibited the proliferation of the three types of cells in a dose-dependent manner with an IC~50~ value of 6 µM (bulk IC~50~ 45 µM) in A549 cells, 7 µM (bulk IC~50~ 30 µM) in HeLa cells, and 15 µM (bulk IC~50~ 65 µM) in THP-1 cells, suggesting that TF-NPs are more potent than bulk TF ([Figures S1](#SD1-ijn-10-6789){ref-type="supplementary-material"} and [S2](#SD2-ijn-10-6789){ref-type="supplementary-material"}). EGCG-loaded PLGA-NPs inhibited cell proliferation, with an IC~50~ dose of 9 µM in A549 cells, 12 µM in HeLa cells, and 27 µM in THP-1 cells, while bulk IC~50~ doses of EGCG were 60 µM, 55 µM, and 93 µM, respectively ([Figure S2](#SD2-ijn-10-6789){ref-type="supplementary-material"}). Thus, it appears that TF/EGCG-loaded NPs could allowã3--7-fold reduction in IC~50~ doses when compared with bulk doses of polyphenols (*P*\<0.05). Treatment of the cells with PLGA-NPs alone had no significant effect, thereby confirming their lack of toxicity (*P*\>0.05).

Antiproliferative activity of CDDP enhanced by TF/EGCG-loaded NPs
-----------------------------------------------------------------

The cytotoxicity of CDDP doses was also evaluated, and the IC~50~ concentration of CDDP was 15 µM in A549 cells, 9 µM in HeLa cells, and 20 µM in THP-1 cells at 24 hours ([Figure 2A](#f2-ijn-10-6789){ref-type="fig"}). However, doses of TF/EGCG-loaded PLGA-NPs that were 1/5, 1/10, and 1/20th the dose of bulk TF/EGCG IC~50~ doses were found to significantly enhance the cytotoxicity of low doses of CDDP (IC~20~) by up to \~60% ([Figure 2B--D](#f2-ijn-10-6789){ref-type="fig"}, *P*\<0.05). In further mechanistic studies, doses of bulk TF/EGCG and TF/EGCG-loaded PLGA-NPs (1/5, 1/10 and 1/20th of the TF/EGCG IC~50~ dose) were combined with a respective IC~20~ dose of CDDP (ie, 5 µM in A549 cells, 4 µM in HeLa cells, and 7 µM in THP-1 cells) for each cell type.

Apoptosis-inducing potential of CDDP enhanced by TF/EGCG-loaded PLGA-NPs
------------------------------------------------------------------------

The apoptosis-inducing potential of TF/EGCG and TF/EGCG-loaded PLGA-NPs alone and in combination with CDDP was determined by quantifying the percentage of cells with sub-G0/G1 DNA content. Exposure of HeLa, A549, and THP-1 cells to a combination of doses of tea-loaded PLGA-NPs and CDDP for 24 hours resulted in a statistically significant increase in the number of cells with subdiploid DNA content as compared with cells treated with TF/EGCG, TF/EGCG-loaded PLGA-NPs, or CDDP alone ([Figure 3](#f3-ijn-10-6789){ref-type="fig"}; *P*\<0.05). A significant increase in sub-G1 phase was noted in cells treated with a combination of TF/EGCG-loaded PLGA-NPs and CDDP, with a 20-fold dose advantage over the IC~50~ dose of bulk TF/EGCG (*P*\<0.05). A concentration-dependent increase in the sub-G1 population was also noted in cells treated with combinations of TF/EGCG-loaded PLGA-NPs and CDDP ([Figure 3](#f3-ijn-10-6789){ref-type="fig"}; *P*\<0.05).

### ROS generation potential of CDDP enhanced by TF/EGCG-loaded PLGA-NPs in A549 cells

In the presence of intracellular hydrogen peroxide and related peroxides, non-fluorescent DCF-DA is hydrolyzed to DCFH to give highly fluorescent DCF-DA.[@b30-ijn-10-6789] This process is used to measure the rate of intracellular ROS generation as a part of the mechanism by which tea polyphenol-loaded PLGA-NPs induce apoptosis in cancer cells.[@b4-ijn-10-6789] Increased DCF fluorescence intensity was noted in cells treated with combinations of CDDP and TF/EGCG-loaded PLGA-NPs as compared with untreated cells and CDDP, TF/EGCG alone treated cells ([Figure 4](#f4-ijn-10-6789){ref-type="fig"}; *P*\<0.05). Further, it was noted that tea polyphenol-loaded PLGA-NPs were much more efficient in generating ROS than their respective bulk forms ([Figure 4C](#f4-ijn-10-6789){ref-type="fig"}; *P*\<0.05).

### Enhancement of CDDP-induced mitochondrial damage by TF/EGCG-loaded PLGA-NPs in A549 cells

Functional changes can occur in the mitochondria due to changes in the MMP (*ΔΨm*). Thus, to clarify the possible role of the MMP in TF/EGCG-loaded PLGA-NP-induced apoptosis, *ΔΨm* was evaluated using rhodamine 123. A significant decrease in MMP was observed after treatment with TF/EGCG-loaded PLGA-NPs alone as well as in combination with CDDP in comparison with untreated cells and cells treated with CDDP alone ([Figure 5](#f5-ijn-10-6789){ref-type="fig"}; *P*\<0.05). Additionally, PLGA-NPs treated with tea polyphenols were found to be more able to enhance the CDDP-induced decrease in *ΔΨm* than bulk and CDDP combination ([Figure 5B](#f5-ijn-10-6789){ref-type="fig"}).

### Enhancement of CDDP-induced apoptosis by TF/EGCG-loaded PLGA-NPs via mitochondrial pathway in A549 cells

The *Bax* and *bcl-2* genes play an important role in regulation of apoptosis.[@b30-ijn-10-6789] Treatment of A549 cells for 24 hours with doses of TF, EGCG, and CDDP each administered alone independently achieved an increase in Bax protein levels and a decrease in Bcl-2 protein levels, and these effects were further amplified by combined treatment with TF/EGCG-loaded PLGA-NPs and CDDP ([Figure S3](#SD3-ijn-10-6789){ref-type="supplementary-material"}; *P*\<0.05). Tea polyphenol-loaded PLGA-NPs were found to be more efficient in enhancing the CDDP-induced changes than the bulk forms. Further, the ratio of Bax to Bcl-2 was also increased after treatment in a dose-dependent manner, indicating that apoptosis was occurring ([Figure 3D](#f3-ijn-10-6789){ref-type="fig"}).

Release of cytochrome c from the mitochondria into the cytosol is a key event in mitochondria-dependent apoptosis, and Bax has been reported to induce cytochrome c release and subsequent activation of caspase-9.[@b31-ijn-10-6789]--[@b33-ijn-10-6789] The results of our study show that there was a marked increase in release of cytochrome c in the A549 cells upon exposure to TF, EGCG and CDDP alone ([Figure 3](#f3-ijn-10-6789){ref-type="fig"}). Additionally, increases in caspase-9 (37 kDa) and caspase-3 (17 kDa), corresponding to the active forms, were also detected in A549 cells following the alone doses of each compound, but not in untreated cells ([Figure S3](#SD3-ijn-10-6789){ref-type="supplementary-material"}). CDDP-induced expression of cytochrome c, caspase-9 and caspase-3 was further enhanced by doses of tea-loaded PLGA-NPs as compared to bulk doses of tea polyphenols ([Figure 3](#f3-ijn-10-6789){ref-type="fig"}; *P*\<0.05).

In compliance with these annotations, the apoptosis-inducing effects of TF/EGCG-NPs in A549 cells were also significantly attenuated upon treatment with z-DEVD-fmk, confirming the involvement of caspase-3 in cell death mediated by TF/EGCG-loaded PLGA-NPs ([Figure 3B](#f3-ijn-10-6789){ref-type="fig"}).

### TF/EGCG-loaded PLGA-NPs enhance CDDP-induced apoptosis by suppression of NF-κB

Activation of NF-κB is linked to inflammation and proliferation of tumor cells and has been shown to suppress apoptosis induced by chemotherapeutic agents like CDDP.[@b34-ijn-10-6789] CDDP is reported to enhance the activity of NF-κB,[@b35-ijn-10-6789] and tea poly-phenols are reported to suppress the action of NF-κB.[@b7-ijn-10-6789] The test concentration of CDDP was found to enhance activation of NF-κB in a time-dependent manner (data not shown). To determine whether being loaded into PLGA-NPs enhances the ability of TF/EGCG to suppress CDDP-induced NF-κB, the cells were incubated with different concentrations of bulk TF/EGCG or TF/EGCG-loaded NPs for 24 hours alone or in combination with a selected dose of CDDP. Neither TF/EGCG nor TF/EGCG-NPs alone activated NF-κB (data not shown), but both significantly abolished CDDP-induced NF-κB activation in a concentration-dependent manner ([Figure 6A](#f6-ijn-10-6789){ref-type="fig"}).

### TF/EGCG-loaded PLGA-NPs enhanced suppression of NF-κB-dependent expression of genes involved in cell proliferation, invasion, and angiogenesis

Several gene products that mediate cellular proliferation, invasion, and angiogenesis, including *cyclin D1*, *MMP-9*, and *VEGF*, have NF-κB-binding sites in their promoters.[@b36-ijn-10-6789] The ability of TF/EGCG-loaded PLGA-NPs and bulk TF/EGCG alone and in combination with CDDP to modulate expression of these genes was assessed ([Figure 6B](#f6-ijn-10-6789){ref-type="fig"}). While expression of the *cyclin D1*, *MMP-9*, and *VEGF* genes was partially inhibited by TF/EGCG or CDDP, dose-dependent complete inhibition was observed with the combination of TF/EGCG-NP and CDDP, and was consistent with a decrease in NF-κB activity.

### TF/EGCG-loaded PLGA-NPs enhanced antitumor potential in vivo

Our in vitro studies showed that TF/EGCG-loaded PLGA-NPs have significantly better anticancer properties and cancer chemosensitization potential than the bulk forms. To confirm our in vitro findings, we treated EAC-bearing mice with TF/EGCG-loaded PLGA-NPs alone and in combination with CDDP, and examined whether the NP formulation have better antitumor potential than the bulk forms. The effects of the combination of TF/EGCG-loaded PLGA-NPs and CDDP on body weight, viable and non-viable EAC cell count ([Table 2](#t2-ijn-10-6789){ref-type="table"}), mean survival time, and % ILS were studied and compared with the other treatment groups. The results of our in vivo study indicated that the combination of TF/EGCG-loaded PLGA-NPs (10 and 20 µg/animal) and CDDP (10 µg/animal) had significant antitumor activity in EAC-bearing mice ([Figure 7](#f7-ijn-10-6789){ref-type="fig"}, *P*\<0.05) when compared with bulk TF/EGCG (100 µg/animal) and CDDP (10 µg/animal). Moreover, the combination of NPs and CDDP prolonged the % ILS in treated EAC tumor-bearing mice, when compared with the untreated controls and bulk-treated mice ([Figure 7C](#f7-ijn-10-6789){ref-type="fig"}, *P*\<0.05). A significant increase in mean survival time in mice treated with a combination of TF/EGCG-loaded PLGA-NPs and CDDP was also noted as compared with other groups of bulk treatment ([Figure 7D](#f7-ijn-10-6789){ref-type="fig"}, *P*\<0.05).

Discussion
==========

Drug bioavailability whether in vitro or in vivo, is critical to achieving optimal efficacy at the cell level. Nanotechnology has recently emerged as a way of improving drug bioavailability and the ability of drugs to target tumor cells.[@b37-ijn-10-6789],[@b38-ijn-10-6789] In the present study, we prepared TF/EGCG-loaded PLGA-NPs and investigated their ability to sensitize cancer cells to a low dose (IC~20~) of CDDP for inhibition of cancer cell proliferation, induction of apoptosis, and suppression of NF-κB activity. The NPs had a sustained-release capacity and an up to 7-fold greater ability to suppress proliferation of A549 cancer cells as compared with bulk doses, perhaps due to enhanced drug uptake. Siddiqui et al[@b38-ijn-10-6789] noted an over 10-fold dose advantage in the IC~50~ value of EGCG-NPs (at 24 hours) as compared with non-capsulated EGCG in prostate cancer cells. Studies from a number of laboratories have suggested that enhanced uptake of phytochemicals when formulated with NPs correlates with their enhanced antitumor activity.[@b39-ijn-10-6789],[@b40-ijn-10-6789] These effects are made possible by the efficient uptake of tea-NPs by cancer cells, suggesting that nanoencapsulation removes the barriers to penetration at the cell surface, because the NPs adsorb serum proteins nonspecifically onto their surface and enter the cell via receptors on the cell membrane.[@b38-ijn-10-6789] Further, in our study, we observed that these effects were not specific to lung cancer cells and were also observed with leukemia and cervical cancer cells, indicating that such effects are not limited to specific types of cancer cells; however, the efficacy of targeting is different.

Apoptosis is a major mechanisms by which various anticancer agents destroy tumor cells. Monitoring the sub-G1 phase of the cell cycle showed that TF/EGCG-loaded NPs were again more potent than the bulk forms in selected cell types. It was noted that even the smallest (1/20th of bulk IC~50~ dose) amount of tea-NPs was equally potent at inducing a sub-G1 peak than non-nanosized tea polyphenols. Further, the chemosensitization ability of CDDP was significantly enhanced by TF/EGCG-encapsulated PLGA NPs, as evidenced by both cytotoxic effects and induction of sub-G1 phase as compared to bulk tea polyphenols. These results provide further evidence that TF/EGCG loaded NPs have greater anticancer activity than bulk TF/EGCG. This improved anticancer efficacy in selected cancer cell lines may be due to sustained and long-term delivery of tea-loaded PLGA-NPs.[@b38-ijn-10-6789]

In order to determine if tea-NPs retain their chemosensitization ability at the molecular level, we selected several molecular entities that have already been shown to be modulated by tea polyphenols.[@b4-ijn-10-6789] Like bulk TF/EGCG, treatment of A549 cells with a combination of TF/EGCG-loaded NPs and CDDP resulted in a significant increase in proapoptotic Bax, with a concomitant decrease in antiapoptotic Bcl-2, thereby increasing the Bax/Bcl-2 ratio and apoptosis.[@b41-ijn-10-6789] Further, an increase in cleavage of PARP, a protein involved in a number of cellular processes, mainly DNA repair and programmed cell death,[@b42-ijn-10-6789] was also found and was much more pronounced than with bulk doses. The combination of nanoformulated tea polyphenols and CDDP resulted in enhanced loss of *ΔΨm* and generation of ROS; this combination of events leads to release of cytochrome c from the intermembrane space into the cytosol, culminating in activation of the caspase cascade and thus the apoptotic cell death pathway.[@b43-ijn-10-6789] Excessive generation of ROS and a decline in *ΔΨm* has been documented in cancer cells treated with tea polyphenols.[@b4-ijn-10-6789],[@b6-ijn-10-6789],[@b7-ijn-10-6789] Notably, in our study, these results were also observed at a low concentration of TF/EGCG-NPs (1/20th, 1/10th and 1/5th of the respective bulk IC~50~ dose), again confirming the marked dose advantage achieved when TF/EGCG is delivered using a NP formulation.

Activation of NF-κB appears to be a major pathway involved in proliferation of tumor cells, chemoresistance, and inflammation.[@b44-ijn-10-6789] Inhibition of NF-κB is reported to increase the efficacy of a number of chemotherapeutic agents, including CDDP.[@b35-ijn-10-6789] We have already documented the potential of tea polyphenols in inhibition of NF-κB activity.[@b6-ijn-10-6789],[@b7-ijn-10-6789] In our present study, we noted the significant effect of a low concentration of TF/EGCG-NPs on chemosensitivity to CDDP (IC~20~ dose) via inhibition of NF-κB and its corresponding gene. It was found that low doses of TF/EGCG-loaded NPs (1/20th, 1/10th, and 1/5th of the respective bulk IC~50~ dose) suppressed NF-κB activation more efficiently in combination with CDDP than did the bulk TF/EGCG (IC~50~ dose). When examined for its ability to suppress NF-κB-regulated genes (*cyclin D1*, *MMP-9*, and *VEGF*), once again the TF/EGCG-NP and CDDP combination was found to be more effective than combination of their respective bulk forms. It is very likely that the enhanced antiproliferation activity afforded by the TF/EGCG-loaded NPs was due to enhanced suppression of expression of cyclin D1 protein, which is intimately related to the G1/S transition.[@b7-ijn-10-6789] It is well documented that NF-κB activates genes involved in cell proliferation, angiogenesis, and metastasis, thereby promoting tumor growth.[@b45-ijn-10-6789]--[@b47-ijn-10-6789] Our study also showed that TF/EGCG-loaded NPs augmented antimetastatic and antiangiogenic activity, given that expression of both *MMP-9* and *VEGF* was downregulated by selected low doses of these NPs in combination with CDDP.

To corroborate our in vitro findings, we used a transplantable murine EAC tumor model to investigate the antitumor activity, if any, of tea-NPs used alone and in combination with CDDP. Tea-NPs in combination with a low dose of CDDP significantly reduced tumor volume and viable EAC cell counts, simultaneous with an increased mean survival time and % ILS in EAC-bearing mice. These in vivo observations again show the efficacy of tea-NPs as an effective cancer chemosensitizing agent. Prolongation of survival in tumor-bearing animals is a well established method of evaluate the anticancer potential of a drug.[@b48-ijn-10-6789],[@b49-ijn-10-6789] Further, a reduction in the number of ascitic tumor cells is an indication of the effect of a drug on peritoneal macrophages and other components of the immune system.[@b49-ijn-10-6789] In this respect, it is very much convincing to consider that the increased killing of tumor cells by tea-NPs might be happening in the same manner in an EAC model as in in vitro system and therefore, slow tumor growth and enhanced survival of animals were observed in groups treated with nanoformulation as compared to bulk treated groups. Increased accumulation of tea-NPs in defective, leaky, and highly permeable vascular tumor tissue was possible due to the enhanced permeability and retention effect,[@b50-ijn-10-6789],[@b51-ijn-10-6789] allowing nanosized anticancer compounds to act more effectively and with reduced side effects from CDDP, thereby prolonging survival in EAC tumor-bearing mice.

Conclusion
==========

Tea-NPs improve intracellular uptake and can be made available for a wide range of biological targets due to their small size and more rapid mobility and penetration as compared with bulk forms. The use of TF/EGCG-loaded PLGA-NPs as described here should have superior effects when compared with bulk TF/EGCG in the chemosensitization of anticancer drugs. Our data indicate that NP-mediated delivery of anticancer phytochemicals could serve as a basic strategy for both enhancing the bioavailability and limiting the unwanted toxicity of chemotherapeutic agents. More animal studies are presently needed to clarify the potential of TF/EGCG-loaded NPs, hopefully proceeding to clinical trials in the future.

Supplementary materials
=======================

###### 

Effects of TF and TF-loaded PLGA-NPs on proliferation of (**A**) HeLa cells, (**B**) THP-1 cells, and (**C**) A549 cells as determined by MTT assay at 24 hours. \*IC~50~ concentration.

**Abbreviations:** PGLA, poly(lactide-co-glycolide); TF, theaflavin; NPs, nanoparticles.

###### 

Effects of EGCG and EGCG-loaded PLGA-NPs on proliferation of (**A**) HeLa cells, (**B**) THP-1 cells, and (**C**) A549 cells as determined by MTT assay at 24 hours. \*IC~50~ concentration.

**Abbreviations:** PGLA, poly(lactide-co-glycolide); EGCG, epigallocatechin-3-gallate; TF, theaflavin; NPs, nanoparticles.

###### 

(**A**) Representative immunoblots showing effects of alone and combination doses of bulk tea polyphenols, TF/EGCG-encapsulated PLGA NPs, and CDDP on A549 cells. (i) PARP, (ii) cytochrome c, (iii) caspase-3, (iv) caspase-9, and (v) β-actin. The intensity of the immunoreactive bands was quantified by densitometric scanning. A change in the protein level is indicated at the top of the band following normalization to control. (**B**) Bar diagrams summarizing the effect of z-DEVD-fmk caspase inhibitor on induction of the sub-G1 phase of the cell cycle. Data are representative of three independent experiments. (**C**) Representative immunoblots showing effect of alone and combination doses of bulk tea polyphenols, TF/EGCG-encapsulated PLGA NPs, and CDDP on A549 cells. (i) Bax, (ii) Bcl-2, and (iii) β-actin. The intensity of the immunoreactive bands was quantified by densitometric scanning. A change in the protein level is indicated at the top of the band following normalization to control. (**D**) Bar diagrams summarizing the effect of treatments on Bax/Bcl-2 ratio. Data are representative of three independent experiments. Lanes: 1, untreated; 2, CDDP (5 µM); 3, bulk TF (45 µM) + CDDP; 4, bulk EGCG (60 µM) + CDDP; 5, TF-NPs (2.25 µM) + CDDP; 6, TF-NPs (9 µM) + CDDP; 7, EGCG-NPs (3 µM) + CDDP; and 8, EGCG-NPs (12 µM) + CDDP.

**Abbreviations:** CDDP, cisplatin; TF, theaflavin; EGCG, (-)-epigallocatechin gallate; NPs, nanoparticles.

###### 

Oligonucleotide sequences

  Gene          Oligonucleotide sequence                  Product size
  ------------- ----------------------------------------- --------------
  *Cyclin D1*   Forward: 5′-CTTACGTGCCACCACGGCGT-3′       567 bp
                Reverse: 3′-AATGCACAGACCCAGCCGCC-5′       
  *MMP-9*       Forward: 5′-AGACACCTCTGCCCTCACCATGAG-3′   307 bp
                Reverse: 3′-GGTTCGCATGGCCTTCAGCGT-5′      
  *VEGF*        Forward: 5′-CCTCCGAAACCATGAACTTT-3′       637 bp
                Reverse: 5′-AGAGATCTGGTTCCCGAAAC-3′       
  *GAPDH*       Forward: 5′-ACCACAGTCCATGCCATCAC-3′       453 bp
                Reverse: 5′-TCCCACCACCCTGTTGCTGTA-3′      
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![Release profile of (**A**) from TF-loaded PLGA nanoparticles and (**B**) EGCG from EGCG-loaded PLGA nanoparticles. (**C**) Stability of TF/EGCG-loaded PLGA nanoparticles in phosphate-buffered saline at 37°C. The average hydrodynamic diameter (nm) of TF/EGCG-loaded PLGA nanoparticles as a function of time (hours).\
**Abbreviations:** EGCG, (--)-epigallocatechin gallate; PLGA, poly(lactide-co-glycolide); TF, theaflavin.](ijn-10-6789Fig1){#f1-ijn-10-6789}

![(**A**) Effects of CDDP doses on HeLa cells, THP-1 cells, and A549 cells as determined by an MTT assay at 24 hours. \*IC~50~ concentration; ^\#^IC~20~ concentration. Effects of CDDP and TF/EGCG PLGA-loaded NP doses (1/20th, 1/10th, and 1/5th concentration of respective IC~50~ bulk doses) are shown. (**B**) HeLa cells, (**C**) THP-1 cells, and (**D**) A549 cells as determined by MTT assay for 24 hours duration.\
**Abbreviations:** CDDP, cisplatin; EGCG, epigallocatechin-3-gallate; NPs, nanoparticles; PLGA, poly(lactide-co-glycolide); TF, theaflavin.](ijn-10-6789Fig2){#f2-ijn-10-6789}

###### 

Flow cytometric analysis of cells with sub-G1 DNA content (**A**) HeLa cells, (**B**) THP-1 cells, and (**C**) A549 cells treated for 24 hours. Representative histograms of control and different treatment groups. Bar diagrams show the mean ± standard deviation of three independent experiments (*P*\<0.05). (**1**) untreated; (**2**) CDDP (IC~20~ concentration); (**3**) bulk TF (IC~50~ concentration); (**4**) bulk TF + CDDP; (**5**) TF-NPs alone (1/20th of bulk IC~50~); (**6**) TF-NPs (1/20th of bulk IC~50~) + CDDP; (**7**) TF-NPs (1/10th of bulk IC~50~) + CDDP; (**8**) TF-NPs (1/5th of bulk IC~50~) + CDDP; (**9**) bulk EGCG (IC~50~ concentration); (**10**) bulk EGCG + CDDP; (**11**) EGCG-NPs alone (1/20th of bulk IC~50~); (**12**) EGCG-NPs (1/20th of bulk IC~50~) + CDDP; (**13**) EGCG-NPs (1/10th of bulk IC~50~) + CDDP; and (**14**) EGCG-NPs (1/5th of bulk IC~50~) + CDDP. \*\*Compared with CDDP (*P*\<0.05). \*Compared with control (*P*\<0.05).

**Abbreviations:** CDDP, cisplatin; EGCG, epigallocatechin-3-gallate; NPs, nanoparticles; TF, theaflavin.
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###### 

Determination of intracellular ROS generation in A549 cells treated for 18 hours with different doses of bulk teapolyphenols, TF/EGCG-encapsulated PLGA NPs, and CDDP. Treated and untreated A549 cells were stained with DCF-DA (10 µM), incubated for 30 minutes, and their fluorescence was measured by (**A**) microscopic determination (20×). (**B**) Flow cytometric analysis of fluorescence measured by a flow cytometer with an FL-1 filter. (**C**) Bar diagram showing mean ± standard deviation fluorescence intensity as determined by flow cytometry (results are the mean of three independent experiments, *P*\<0.05). 1, untreated; 2, CDDP (5 µM); 3, bulk TF (45 µM); 4, bulk TF (45 µM) + CDDP (5 µM); 5, TF-NP alone (2.25 µM); 6, TF-NP (2.25 µM) + CDDP; 7, TF-NP (4.5 µM) + CDDP; 8, TF-NP (9 µM) + CDDP; 9, bulk EGCG (60 µM); 10, bulk EGCG (60 µM) + CDDP; 11, EGCG-NP alone (3 µM); 12, EGCG-NP (3 µM) + CDDP; 13, EGCG-NP (6 µM) + CDDP; and 14, EGCG-NP (12 µM) + CDDP. \*\*Compared with CDDP (*P*\<0.05). \*Compared with control (*P*\<0.05).

**Abbreviations:** CDDP, cisplatin; EGCG, epigallocatechin-3-gallate; NPs, nanoparticles; TF, theaflavin; ROS, reactive oxygen species; MFI, mean fluorescence intensity.

![](ijn-10-6789Fig4)
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![(**A**) Representative histograms and (**B**) bar diagram of A549 cells treated with TF/EGCG, TF/EGCG-NPs and CDDP for 24 hours. For determination of the mitochondrial membrane potential, rhodamine 123 was added, followed by incubation for 30 minutes and measurement of fluorescence using a flow cytometer with an FL-1 filter. The results of three individual experiments are expressed as a representative histogram (*P*\<0.05). 1, untreated; 2, CDDP (5 µM); 3, bulk TF (45 µM); 4, bulk TF (45 µM) + CDDP (5 µM); 5, TF-NP alone (2.25 µM); 6, TF-NP (2.25 µM) + CDDP; 7, TF-NP (4.5 µM) + CDDP; 8, TF-NP (9 µM) + CDDP; 9, bulk EGCG (60 µM); 10, bulk EGCG (60 µM) + CDDP; 11, EGCG-NP alone (3 µM); 12, EGCG-NP (3 µM) + CDDP; 13, EGCG-NP (6 µM) + CDDP; and 14, EGCG-NP (12 µM) + CDDP. \*\*Compared with CDDP (*P*\<0.05); \*Compared with control (*P*\<0.05).\
**Abbreviations:** CDDP, cisplatin; EGCG, epigallocatechin-3-gallate; NPs, nanoparticles; TF, theaflavin; MFI, mean fluorescence intensity.](ijn-10-6789Fig5){#f5-ijn-10-6789}

![(**A**) Representative immunoblots showing effect of TF/EGCG, TF/EGCG-NPs, and CDDP alone and in combination on A549 cells (i) NF-κB, (ii) IκBα, (iii) IκBβ, and (iv) β-actin. A549 cells were treated with tea polyphenols and CDDP alone and in combination for 24 hours prior to preparation of lysates. The intensity of the immunoreactive bands was quantified by densitometric scanning. A change in the protein level is indicated at the top of the band following normalization to control. (**B**) Representative RT-polymerase chain reaction gels showing the effects of TF/EGCG, TF/EGCG-NPs, and CDDP alone and in combination on gene expression of Cyclin D1, MMP-9, and VEGF. A549 cells were treated with the selected doses for 24 hours prior to isolation of mRNA. Lanes: 1, untreated; 2, CDDP (5 µM); 3, bulk TF (45 µM) + CDDP; 4, bulk EGCG (60 µM) + CDDP; 5, TF-NPs (2.25 µM) + CDDP; 6, TF-NPs (9 µM) + CDDP; 7, EGCG-NPs (3 µM) + CDDP; and 8, EGCG-NPs (12 µM) + CDDP.\
**Abbreviations:** CDDP, cisplatin; EGCG, epigallocatechin-3-gallate; NPs, nanoparticles; TF, theaflavin.](ijn-10-6789Fig6){#f6-ijn-10-6789}

![(**A**) Pictures of animals showing change in body weight and (**B**) Bar diagram showing % increase in body weight of treated and untreated animals. Groups: 1, mice not bearing EAC cells; 2, EAC cells bearing untreated mice, untreated mice; 3, treated with CDDP (100 µg/mouse); 4, treated with TF (100 µg/mouse) + CDDP (10 µg/mouse); 5, treated with EGCG (100 µg/mouse) + CDDP (10 µg/mouse); 6, treated with TF-NPs (10 µg/mouse) + CDDP (10 µg/mouse); 7, treated with TF-NPs (20 µg/mouse) + CDDP (10 µg/mouse); 8, treated with EGCG-NPs (10 µg/mouse) + CDDP (10 µg/mouse); and 9, treated with EGCG-NPs (20 µg/mouse) + CDDP (10 µg/mouse). (**C**) Percent increase in life span of mice treated with TF/EGCG-NPs (10 or 20 µg/mouse) + CDDP (10 µg/mouse), CDDP (100 µg/mouse), and TF/EGCG (100 µg/mouse) + CDDP (10 µg/mouse) compared with an untreated group bearing EAC cells. (**D**) Kaplan--Meier survival curve for untreated mice and treated mice bearing EAC cells. Mice treated with TF/EGCG-NPs (10 or 20 µg/mouse) + CDDP (10 µg/mouse) survived significantly longer than the untreated control mice, and the groups treated with CDDP (100 µg/mouse) and TF/EGCG (100 µg/mouse) + CDDP (10 µg/mouse; *P*\<0.05).\
**Abbreviations:** CDDP, cisplatin; EAC, Ehrlich's ascites carcinoma; EGCG, epigallocatechin-3-gallate; NPs, nanoparticles; TF, theaflavin.](ijn-10-6789Fig7){#f7-ijn-10-6789}

###### 

Characteristics of TF/EGCG-loaded PLGA nanoparticles

  Nanoparticles   Percent yield   Size (nm) ± SD (PDI)   Zeta potential (mV)   Drug loading (%)   Encapsulation efficiency (%)
  --------------- --------------- ---------------------- --------------------- ------------------ ------------------------------
  EGCG-PLGA       96.9±4.16       239±12 (0.213)         −24.5±1.89            5.76±0.92          \~26±3.01
  TF-PLGA         79.2±5.45       215±14 (0.105)         −20.2±0.91            3.38±0.45          \~18±1.94

**Note:** Mean diameter and zeta potential in phosphate buffer (pH 7.4) measured by dynamic light scattering.

**Abbreviations:** PDI, polydispersity index; SD, standard deviation; EAC, Ehrlich's ascites carcinoma; EGCG, (-)-epigallocatechin gallate; TF, theaflavin; PLGA, poly(lactide-co-glycolide).

###### 

EAC cell count and viability (n=5)

  Group(s)                                          First week                                                 Second week                                                                                                          
  ------------------------------------------------- ---------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------
  Untreated EAC-bearing mice                        146.4±9.68                                                 93.8±2.77                                                 379.76±11.75                                               95.8±4.49
  CDDP (100 µg/animal)                              103.6±10.64[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}    86.4±1.67[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}     148.66±5.72                                                74.8±3.11[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}
  Bulk TF (100 µg/animal)                           98.4±2.70[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}      84.6±4.09[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}     136.37±8.69[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}    83.6±3.84[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}
  Bulk EGCG (100 µg/animal)                         100.8±8.55[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}     85.6±2.3[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}      130.64±9.66[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}    78±5.24[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}
  TF-NPs (20 µg/animal)                             90.3±5.23[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}      78.2±2.86[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}     113.09±7.39[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}    72.2±2.77[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}
  EGCG-NPs (20 µg/animal)                           92.16±4.5[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}      76.2±3.89[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}     124.53±11.2[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}    68.4±4.33[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}
  Bulk TF (100 µg/animal) + CDDP (10 µg/animal)     77.52±3.35[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}     70.8±2.94[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}     110.12±8.23[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}    66±3.16[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}
  Bulk EGCG (100 µg/animal) + CDDP (10 µg/animal)   76.88±5.03[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}     69.8±2.68[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}     122.12±4.61[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}    62.8±3.03[\*](#tfn4-ijn-10-6789){ref-type="table-fn"}
  TF-NPs (10 µg/animal) + CDDP (10 µg/animal)       55.88±4.26[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}   58.8±4.32[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}   65.89±4.30[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}   41.4±3.2[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}
  TF-NPs (20 µg/animal) + CDDP (10 µg/animal)       32.5±4.27[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}    41.8±2.38[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}   57.44±5.32[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}   30.8±1.92[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}
  EGCG-NPs (10 µg/animal) + CDDP (10 µg/animal)     58.97±6.66[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}   55.2±3.84[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}   74.10±4.47[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}   43.4±3.84[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}
  EGCG-NPs (20 µg/animal) + CDDP (10 µg/animal)     35.65±6.19[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}   44.6±3.04[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}   59.69±2.40[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}   26.8±2.77[\*\*](#tfn5-ijn-10-6789){ref-type="table-fn"}

**Notes:** n, number of animals,

significant when compared with untreated mice (*P*\<0.05), and

significant when compared with bulk TF/EGCG with CDDP treated mice (*P*\<0.05).

**Abbreviations:** CDDP, cisplatin; EAC, Ehrlich's ascites carcinoma; EGCG, (-)-epigallocatechin gallate; TF, theaflavin; NPs, nanoparticles.
